5-(Fluorodinitromethyl)-2H-tetrazole (HFDNTz) has been prepared by the cycloaddition reaction of HN 3 with F(NO 2 ) 2 CCN, which in turn was prepared by aqueous fluorination of sodium dinitrocyanomethanide.
Introduction
Tetrazoles are a fascinating class of compounds. The parent compound 1H-tetrazole has a nitrogen content of 80%, resulting in a relatively high heat of formation of about 330 kJ mol −1 . [1] [2] [3] At the same time, tetrazoles can exhibit astonishing high thermal stabilities which results in a wide array of application in agriculture, medicine and biology. 4 For energetic materials applications, tetrazole is usually further functionalized with explosophore groups such as nitro, N-nitro, azo, or azido. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] In recent years, much effort in energetic materials research was dedicated to the synthesis of novel energetic highly overoxidized compounds that can be used to replace ammonium perchlorate as high-oxygen carrier in solid rocket propellant formulations. An expression that is often being used in order to indicate the degree of oxidation of a compound is the oxygen balance (OB). In its original form, the OB was defined as percentage of oxygen required for complete conversion of a molecule to carbon dioxide, water and metal oxide. 16 Because if the usually high combustion temperatures in rocket engines, it is more useful to calculate the OB of a rocket propellant based on combustion to carbon monoxide instead of carbon monoxide. While energetic, tetrazoles are usually notoriously under-oxidized. 5-Nitrotetrazolate 12 has an OB of 14.0% for combustion to CO but the recently investigated 5-(trinitromethyl)tetrazolate 5 has an OB of 29.4%. The general disadvantage of most 5-(trinitromethyl)tetrazolates are their high impact (IS) and friction sensitivities (FS) (e.g. IS = 0.5 J and FS < 1 N for the rubidium and cesium salts). 5 The instability of the trinitromethyl group toward catastrophic decomposition is well established. It has been found that the fluorodinitromethyl group -CF(NO 2 ) 2 is generally more stable than the trinitromethyl group -C(NO 2 ) 3 without incurring too much of a performance penalty. The 5-(fluorodinitromethyl)tetrazolate anion has an OB of 20.9% for combustion to N 2 , CO and CF 4 . Fluorine-containing compounds such as Teflon or Viton are common ingredients of metallized formulations for flares and pyrotechnics (e.g. MTV: Mg/Teflon/Viton). The highly exothermic formation of metal fluorides during combustion increases the flame temperature which in turn improves the performance of the formulation.
The synthesis of 5-(fluorodinitromethyl)-2H-tetrazole (HFDNTz) by reaction of fluorodinitroacetonitrile with sodium azide or trimethylsilyl azide has been reported but the obtained tetrazole was not isolated and directly converted into the sodium or ammonium salt. The tetrazole and the salts were identified only by IR and 19 F NMR spectra and have not been well characterized. 17, 18 In this manuscript we report the synthesis and full characterization of 5-(fluorodinitromethyl)-2H-tetrazole and three salts with the energetic 5-(fluorodinitromethyl)tetrazolate anion.
Experimental part
Caution! The compounds of this work are energetic materials that might explode under certain conditions (e.g. elevated temperatures, impact, friction or electric discharge). Appropriate safety precautions, 19 such as the use of shields or barricades in a fume hood and personal protection equipment (safety glasses, face shields, ear plugs, as well as gloves and suits made from leather and/or Kevlar) should be taken all the time when handling these materials. Ignoring safety precautions may lead to serious injuries!
Materials and apparatus
All chemicals and solvents were obtained from Sigma-Aldrich or Alfa-Aesar and were used as supplied. NMR spectra were recorded at 298 K on Bruker AMX500 or Varian VNMRS-600s spectrometers using (CD 3 The impact and friction sensitivity data were determined on an OZM Research BAM Fall Hammer BFH-10 and an OZM Research BAM Friction apparatus FSKM-10, respectively, through five individual measurements that were averaged. Both instruments were calibrated using RDX. The samples were finely powdered materials that were not sifted.
X-ray crystal structure determination
The single crystal X-ray diffraction data were collected on a Bruker SMART APEX DUO diffractometer, equipped with an APEX II CCD detector, using Mo K α radiation (TRIUMPH curved-crystal monochromator) from a fine-focus tube. The frames were integrated using the SAINT algorithm 20 to
give the hkl files corrected for Lp/decay. The absorption correction was performed using the SADABS program. 21 The structures were solved and refined on F 2 using the Bruker SHELXTL Software Package. [22] [23] [24] [25] Non-hydrogen atoms were refined anisotropically. Unless noted otherwise, the positions of hydrogen atoms attached to heteroatoms have been located from the difference electron density map. ORTEP drawings were prepared using the ORTEP-III for Windows V2.02 program. 26 
Synthesis of trinitroacetonitrile
Under an atmosphere of nitrogen, a mixture of cyanoacetamide (16.8 g, 0.2 mol) and dichloromethane (50 mL) was cooled to 0°C. While stirring vigorously, 100% nitric acid (32 mL) was added through an addition funnel within a time period of 2 minutes. The cyanoacetamide dissolved and a yellow two-layer mixture was obtained. While maintaining a temperature of 0°C, oleum (20% SO 3 ) (38 mL) was slowly added drop wise and the mixture then stirred vigorously at ambient temperature for an additional 8-10 hours until all gas-evolution stopped. The pale yellow two-phase mixture was transferred into a separatory funnel and the upper organic layer removed. The lower acid layer was extracted three times with dichloromethane (30 mL each 
Synthesis of sodium dinitrocyanomethanide 27
The obtained solution of (NO 2 ) 3 CCN in CH 2 Cl 2 (100 mL) was added drop wise to a stirred solution of methanol (50 mL) and 48% aqueous HBr (100 mL). The mixture was stirred at ambient temperature for about 4 hours during which the solution gradually turned from colourless to reddish brown and evolved brown fumes of bromine. The pH of the mixture was then adjusted to pH 10 with 3 M NaOH in methanol. 
Synthesis of hydrazinium dinitromethanide
A solution of hydrazinium hydrate (1 mL) in water (1 mL) was added drop wise to a solution of trinitroacetonitrile (200 mg, 1.14 mmol) in water (5 mL). The reaction was exothermic and a colourless gas was evolved. 
Synthesis of fluorodinitroacetonitrile 28
A solution of Na[(NO 2 ) 2 CCN] (10.0 g, 65.5 mmol) in water (30 mL) was placed in a 1″ o.d. FEP reactor equipped with a magnetic stirrer, a gas inlet and a gas outlet tube. After cooling the solution with an ice/water bath to 0°C, a stream of 10% fluorine in nitrogen was introduced at a rate of approx.
. The off-gas was swept through four traps at −78°C and then vented through a bubbler that contained perfluorinated Krytox GPL107 oil. After about 3 hours, the fluorine stream was stopped and replaced by a pure nitrogen stream. This stream was maintained for an additional two hours in order to sweep all fluorinated products into the traps. The content of all four traps was combined and fluorodinitroacetonitrile was obtained as a colourless liquid. The crude product was purified by fractional condensation using cold traps at −31°C, −78°C and −196°C. The −31°C fraction consisted of water and (NO 2 ) 3 CF, and the −196°C trap contained CO 2 
Synthesis of HFDNTz
In a 250 mL round bottom flask, a mixture of NaN 3 (3.00 g, 46.0 mmol) and CCl 4 (50 mL) was cooled to 0°C using an ice bath and acetic acid (15 mL) was added slowly. After 5 minutes, a solution of fluorodinitroacetonitrile (1.20 g, 8.76 mmol) in CCl 4 was added slowly through an addition funnel. When the addition was complete, the mixture was stirred for 10 hours at ambient temperature. The solvent was removed using a rotary evaporator. The gel-like, colourless residue was dissolved in CH 2 Cl 2 (20 mL) and 2 M H 2 SO 4 (10 mL). The organic phase was removed and the aqueous phase extracted three times with CH 2 Cl 2 (15 mL each). The combined organic phases were dried over magnesium sulphate. The solvent was carefully evaporated on a rotary evaporator. The remaining colourless, oily liquid was dried by pumping for several hours on a vacuum line at ambient temperature, resulting in a colourless solid 
Results and discussion

Synthesis
The synthetic route for the preparation of 5-(fluorodinitromethyl)-2H-tetrazole (HFDNTz) is shown in Scheme 1. Nitration of cyanoacetamide with fuming nitric acid in 20% oleum under anhydrous conditions resulted in the formation of trinitroacetonitrile. 5, 29 Due to the compound's reported sensitivity and high reactivity, trinitroacetonitrile was recommended to be handled only in solution. 27 As a result, trinitroacetonitrile had not been fully characterized. We were able to isolate the compound by careful evaporation of the solvent from dichloromethane solutions in a vacuum at −40°C as a moisture sensitive, wax-like colourless solid. It is a very noxious lachrymator that slowly vaporizes in the air at ambient temperature. Treatment of a trinitroacetonitrile solution in methanol with a 48% aqueous HBr solution resulted in gas evolution and the slow formation of elemental bromine. When the resulting reaction mixture was neutralized with sodium hydroxide, sodium dinitrocyanomethanide could be isolated in up to 53% yield. While this reaction had already been described in the literature, its mechanism is unknown but was assumed to involve the formation of N 2 O. 27 Single crystals of were formed when the resulting bright yellow solution was taken to dryness (Scheme 2). The mechanism for the formation of the dinitromethanide anion is unknown. However, it should be noted that a mixture of pure trinitroacetonitrile and neat N 2 H 4 is hypergolic. The reaction of the two compounds is highly exothermic. On several occasions, flames and/or explosions were observed when neat hydrazine was mixed with solid trinitroacetonitrile. When a clear colourless solution of trinitroacetonitrile in dichloromethane was treated with an aqueous ammonia solution at ambient temperature, a yellow effervescing mixture was obtained. Yellow crystals of [NH 4 ][(NO 2 ) 2 CCN] were isolated in quantitative yield when the solvent was removed from the reaction mixture after 12 hours of stirring at ambient temperature. The evolved gas was identified by IR spectroscopy as N 2 O (Scheme 3).
Fluorodinitroacetonitrile, F(NO 2 ) 2 CCN, was obtained by aqueous fluorination of sodium dinitrocyanomethanide with 10% F 2 in N 2 (Scheme 1). The off-gas of the fluorination reaction was passed trough a series of cold traps at −78°C. Lower cold trap temperatures were not used to avoid trapping of fluorine nitrate, a possible fluorination side product. While Wiesboeck and Ruff reported only moderate yields of 29% of F(NO 2 ) 2 CCN and the formation of the hydrolysis products acetonitrile and fluorodinitroacetamide when aqueous solutions with more than 3% Na[(NO 2 ) 2 CCN] were fluorinated, 28 we did not observe the formation of appreciable amounts on hydrolysis products even in the case of reaction mixtures containing more than 10% of Na[(NO 2 ) 2 CCN]. However, we did observe a contamination of the crude F(NO 2 ) 2 CCN with up to 10% fluorotrinitromethane, FC(NO 2 ) 3 , and also trace amounts of CO 2 .
Although not necessary for this work, crude F(NO 2 ) 2 CCN could be purified by fractional condensation at −31°C, −78°C and −196°C. The F(NO 2 ) 2 CCN stopped in the −78°C trap and was isolated as a colourless liquid with a vapour pressure of 56 Torr at 23°C. The 1,3-dipolar cycloaddition reaction of F(NO 2 ) 2 CCN with HN 3 , followed by extraction with dichloromethane resulted in the isolation of HFDNTz as a colourless, hygroscopic solid in approximately 85% yield. Single crystals suitable for an X-ray crystal structure determination were obtained from a dichloromethane solution by slow evaporation of the solvent in vacuo.
HFDNTz is acidic and forms ammonium 5-(fluorodinitromethyl)tetrazolate in quantitative yield when treated with aqueous ammonia (Scheme 4).
Silver Tables 1 and 2 . Further crystallographic data and representations of the unit cells for all crystal structures are given in the ESI. † From an aqueous solution, sodium dinitrocyanomethanide crystallizes as a monohydrate in the orthorhombic space group P2 1 2 1 2 1 with the unit cell parameters a = 7.5138(6) Å, b = 8.1663(6) Å and c = 19.9151(14) Å. The solid-state structure of Na[(NO 2 ) 2 CCN]·H 2 O does not consist of isolated ions but is dominated by cation-anion interactions that result in a polymeric structure. The asymmetric unit of the structure contains two formula units (Z′ = 2). One CN nitrogen atom as well as several oxygen atoms of the anion coordinate each sodium ion, which in turn is bridged to another sodium ion through a water molecule (Fig. 1) .
The ammonium salt of the dinitrocyanomethanide anion crystallizes with four formula units per unit cell (Z = 4) in the monoclinic space group P2 1 /n. Not surprisingly, the solid-state structure of [NH 4 ][(NO 2 ) 2 CCN] contains hydrogen bonds between the ammonium ions and the oxygen atoms as well as the CN nitrogen atom of the anions (Fig. 2) . The observed C-N and CuN bond distances of 1.385 (2) 
Dalton Transactions Paper
This Table 2 . The structure of HDNTz is depicted in Fig. 5 , while the bond Fig. 1 The solid-state structure of Na[(NO 2 ) 2 CCN]·H 2 O. Thermal ellipsoids are shown at the 50% probability level. Hydrogen atom positions were determined from the electron density map and are depicted as spheres of arbitrary radius. Selected bond distances (Å): C1-C2 1.412(2), C1-N1 1.390(2), C1-N2 1.385(2), C2-N3 1.147(2), N1-O1 1.250(2), N1-O2 1.245(2), N2-O3 1.249(2), N2-O4 1.246(2), Na1-O1' 2.418(1), Na1-O3 2.450(1), Na1-O6 2.475(1), Na1-N6 2.421(1), Na1-O1s 2.362(1), Na1-O2s 2.292(1), Na2-O2 2.575(1), Na2-O4 2.445(1), Na2-O2' (1), Na2'-O4 2.508(1), Na2'-O4' 2.445(1). lengths and angles of the tetrazole ring in this compound are summarized in Table 3 together with the ones for the related tetrazolates of this work. The geometry of the five-membered ring in HFDNTz is essentially identical to the one of 5-(trinitromethyl)-2H-tetrazole (HTNTz). 5 Due to the strong electron withdrawing effect of the fluorodinitromethyl group, the hydrogen atom of the tetrazole moiety is exclusively located in the 2-position (N2) of the five-membered ring. Similar to HTNTz and atypical for alkyl-substituted tetrazoles, the distance between C1 and N1 (1.325(2) Å) is shorter than the one between C1 and N4 (1.350(2) Å). In addition, the three N-N distances in the five-membered ring of HFDNTz can be considered identical within their margins of error. This is in good agreement with the observed geometry of HTNTz but is unlike the distance pattern of a regular alkyl-substituted tetrazole. 5 The asymmetric unit of the 5-(fluorodinitromethyl)-2H-tetrazole solid-state structure consists of three HFDNTz molecules (Z′ = 3) that are arranged in a triangular fashion with the fluorine atoms of the -CF(NO 2 ) 2 groups facing each other (Fig. 6 ). The three fluorine atoms form the corners of a slightly disordered regular triangle with F-F distances of 2.886(2) and 2.939(2) Å and F-F-F angles of 58.82(4) and 60.59(4)°. In addition, the HFDNTz molecules are associated through N(2)-H⋯N(4) hydrogen bonds. The solid-state structure of ammonium 5-(fluorodinitromethyl)tetrazolate consists of ammonium cations and FDNTz anions that are associated through hydrogen bonding (Fig. 7) . Further crystallographic details of the structure are listed in Table 2 , the observed bond lengths and angles for the FDNTz − anion are summarized in Table 3 .
All attempts to grow single crystals of silver 5-(fluorodinitromethyl)tetrazolate (AgFDNTz) suitable for X-ray structure determination were unsuccessful. 24 ]. Part of a polymeric anion chain of the structure is depicted in Fig. 8 . Further crystallographic details of the structure are listed in Table 2 , the observed bond lengths and angles for the FDNTz − anion are summarized in Table 3 . The tetraphenylphosphonium salt [PPh 4 ][FDNTz] crystallizes in the monoclinic space group P2 1 with two formula units per unit cell (Z = 2). The solid-state structure consists of isolated and well-separated PPh 4 + cations and FDNTz − anions (Fig. 9) . The closest cation-anion distance is 2.989(3) Å (C18⋯O4). Further crystallographic details of the structure are listed in Table 2 , the observed bond lengths and angles for the FDNTz − anion are summarized in Table 3 . In going from the neutral tetrazole HFDNTz to the weakly coordinated tetrazolate
, the geometry of the five-membered ring changes. While the C1-N1 distance increases only slightly (0.01 Å), the second C-N distance (C1-N4) shortens by over 0.03 Å).
It is interesting to note that the N1-N2 and N3-N4 distances in the anion are longer by about 0.02 Å than the ones in the parent tetrazole. The third N-N distance (N2-N3) remains essentially unchanged within the error margins.
Stability of the compounds
The impact and friction sensitivities of most of the compounds of this study were determined using a BAM Fall Hammer and BAM Friction tester. In addition, decomposition temperatures were determined through DTA scans with heating rates of 5°C min −1 . The obtained sensitivity and stability data is summarized in Table 4 . The impact and friction sensitivities, and decomposition temperature of F(NO 2 ) 2 CCN were not determined due to the volatility of the compound. 
Note added at Proof
During the peer-review process of this manuscript, M. A. Kettner and T. M. Klapötke coincidently reported the synthesis and characterization of ammonium 5-(fluorodinitromethyl)-tetrazolate. 30 
